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ABSTRACT

The method ohonequilibrium molecular dynamigfNEMD) has been used texamine the
thermal conductivity of model carbon dioxide aldhg critical isotherm. An intermolecular potential
modelfor which the coexistence curve and ttritical point of carbon dioxide have bepreviously
estimated has beamsed. The NEMD method is based applying a fictitiousheatfield on the
molecular system and measuritige heatflux generatedThermal conductivity is then calculated
using linear response theory and Green-Kubo relations. Simulations were carried out on systems with
108 to 864 carbonlioxide moleculeg324 to 2592 active interaction sites, pestively). At the
critical point, this leads to aystem size of between 2Gand 5A. The translational and rotational

contributions to thermal conductivity have also been calculated.

The results show clear evidencecotical enhancement of thermal conductivity amhfirm
our belief thatthese enhancements can be calculated using molecular simulatiopse3éa study
is, we believethe first to investigate critical effects on thermal conductivity of a nonsphdtisel

using molecular simulations.

KEY WORDS: carbon dioxide; critical enhancememtsnequilibrium molecular dynamics; thermal

conductivity; transport properties.



1. INTRODUCTION

The enhancement of thermal conductivitythre vicinity of the gas-liquid critical point is a
well-known phenomenon. Experimental evidence of this anomalous behavior has been established by
heat transfer antight scattering techniques fonany compoundsncluding, carbon dioxide, steam,
ethane,ammonia [1],nitrogen, oxygen, argofR,3] and more recentlyhe refrigerant R134§].
Several theories have been developed to understand this behaveanarempiricaimethodshave
attempted to account for tlmhancement using correlatidds2,5,6,7,8]. Inthis work, thecritical
enhancement ofhe thermal conductivity of carbon dioxide is investigated udgimg method of
nonequilibrium molecular dynami¢gdlEMD). Such computesimulation methods providelevel of
detail that is normally difficult toobtain with experiments. This information can thenused to

understand this behavior at the molecular level.

Carbon dioxide is osignificantimportance to the chaoal process industry. Supercritical
carbon dioxide has gained importancednent years as a solvent for cheahreactions [9,10]. An
intermolecular potential modébr carbondioxide has been developed recerjfli] for which the
liquid-vapor coexistence curve arbe critical point have been estimated. We have utesl
potential in this study focalculatingthe thermal conductivity values itine critical region using the
nonequilibrium molecular dynamiagsethod. The purpose diis study is to calculatthe thermal
conductivity enhancements the critical region andexaminethe contributions to the totéhermal
conductivity fromthe translational and rotationphrts, which can be readilypbtained using the
NEMD method. A previous study on argon has shown that these critical enhancements can indeed be

obtained using computer simulations [12].

2. THEORY

In this work the non-canonical linear response theory method for polyatomics {4 8fdd
this method, an externéield is used to increasthe energy ofall particles in thesystem with more
than the average ergy and decrease it firosewith less tharthe average energyhis leads to a
heatflux in the system, whose magnitude is used to estithetéhermal conductivity. The equations

of motion given below show how such an external field can be incorporated in an NEMD study.
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In the above equations, is the center of ass position of molecule m, the mass,p;, the
linear momentumf; = - o@;/0r;, whereg; is theintermolecular potential, ang =r; —r;. N is the
number of particles ithe system.£ is the average energy per partieldile E; is for particlei. F(t)
is the external fieldyhich for simplicity is usuallykeptfixed at aconstant value, and witbnly one

non-zero component (e.g. in the z directiom).the thermostatting nitiplier ensures constant

translational kinetic energwy’ is theprincipal angular velocity and;” is theprincipal torque oni

due toj only, while I',? is that oni due toall other mdecules.I® is theprincipal moment of inertia.

Eqg. (3) applies tothe x component ofw’. Similar equations can be written for the y and z

components.

The thermal conductivity, can then be estimated from the equation (limiting value
for F(t) - 0),

pbtal = 1<JQ(t - oo)>

T F(t) @

where T is the temperature and the heat flux vector is given by,
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In Eqg. (5), V is the volume of the simulation cube.

For studying the contributions thermal conductivity from various model, can be broken up into

a rotational part given by,

3§ =y lrira) sy e ©)



where theremainingpart isreferred to as the translational contribution. The rotational contribution

to thermal conductivity can then be estimated from,

Aot = 1 <J(50t (t- oo)>
T F®)

(7)

so that the total thermal conductivity is now given by,

)\total — )\I'Ot + )\tr (8)
The rotational contributions can broken up further into contributions fh@mertial term and the
torque term, identified by the first and second terms in Eq. (6), respectively, and can be written as,

AI’Ot — )\rot—mertlal + )\rot—torque (9)

3. MODEL CARBON DIOXIDE

The intermolecular potential function for carbdioxide is a simple site-site model and uses
point charges and Lennard-Jones interactions centered at eacii dfomhe model (named&PM2
in [11]) was shown to predict th&uid-vapor coexistence curve atige critical pointreasonably
well, but under predicts the liquid coexistence densities by 1% to 2% at temperatures between 221 K
and 289 K. Howevegiven a criticatemperature of 304 K for carbon dioxidkis isnot aserious
drawback for the purposes cdlculating thermal conductivity values nelae critical point. Table |
lists the intermolecular potential parameters for carbon dioxide.cFitieal temperature andensity
of carbon dioxideare 10.81 and 0.134&spectively, in reduced unifall valuesare reduceavith
carbon-carbon parameters). The Lennard-Jones interactionstreatedwith a spherical cutoff

distance of 10\ in the simulation.

The simulationswere carriedout on systems ranging in size frod08 (324 sites) to 864
(2592 sites) carbodioxide molecules. Thimitial configuration for themolecular positions wathat
of an FCCstructure. Theranslational and rotational equations of motion were salseiy Gear's
fifth and fourthorder predictor-correctanethods respectively. We allow@&0,000time steps for
equilibration. An additional800,000 to 1,000,00Qime steps were required for ththermal
conductivity to converge. A reduceithe step of 0.0005 was used. Thaussiarthermostat ¢ in

Eq. (2)) was used to ensure constant translational temperatuite. tiié thermostat on and



translational velocity rescaling every tirseep, the correct temperature waaintained to at least
four significant digits. Lineaand angular momenta were conserved. As a further check, the program
was testedvith the thermostabff and afield strength of zerdconventionalequilibrium molecular
dynamics) teensure that the total energy was conserved.dehsity ofthe system was variefitom

0.7Qc to 1.3@c along the critical isotherm, whepe is the critical density.

To ensure that théhermal conductivity valuesvere independent of the strength of the
external field, we carriedut our preliminary studies withF, ranging from0.025 to 0.05. Fig. 1

shows that theeffect offield strength(at T = Tc- andp = 1.3(¢) on thethermal conductivity is
negligible (Tc is thecritical temperature). Faall results reported ithis study, a value d.025 was
used for the field, to avoidny possible fieldstrength dependence. The accuracy of themal

conductivity values reported is estimated ta:le03.

4. RESULTS AND DISCUSSION

Fig. 2 shows the results obtained for tifrermal conductivity of carbon dioxide at a
temperature of 1.32Tfor densities ranging fron®.8Qc to 1.2@c. The thermal conductivity
increases smoothly with density atholes noshowany critical enhancements, as is toelpected at
stateconditions away fronthe critical point. We wil use such non-critical density dependence of

thermal conductivity to interpret our results along the critical isotherm.

Fig. 3 shows théhermal conductivity of model carbon dioxide aldhg critical isotherm at
densities betweef.7(Qpc and 1.3Qc for systems with108, 256, and 500 molecules. The results
show thermal conductivityncreasing with density asxpected, aswell as clear evidence of
enhancement in the vicinity of the critical point in all systems. Although the enhancens=msller
than those obtaineelxperimentally, they clearlgannot be attributed to the statistieamtor of the
results,which is estimated to he 0.03. Wealso did an 864-molecule simulationthe critical point
and obtained results identical to the 500-molecule system, within the statistical uncertaihaplsee
I1). The critical behavior igll the moreevident if Fig. 2 is compared with Fig.1. Thetherlarge

enhancements of thermal conductivity seen in experimental sfafliesn perhaps be obtained with



a larger potential cutoff distance than that used here and prescrilped] bgr the intermolecular
potential function used in this study. Unfortunately, increahiegcutoff distance changes ttréical
point and finding the new critical point requires a rather extensive set of new simulations[1f]fact
is almost entirelydevoted todeterminingthe critical point for the carbondioxide potential. In
addition, sincehe critical point in[11] wasdetermined by extrapolation, it also possible thate is
someerror in thecritical point estimatedbr the carbordioxide potentialOtherpossibilities include
contributions from polarizality or molecular vibrations thawere notincluded inour model,which
might also contribute to thenhancement dhe thermal conductivity of carbon dioxide tihe critical
region. In spite of these reservations, it is clear that evenrather sirple modelshows clear

evidence of anomalous behavior in the critical region.

The thermal conductivity ofluids obtained using NEMD is known tshow system size
dependence (especially in smaller systems) and this was observed by usldeweler, ouresults
showed a stronger size dependence in the critical region. This is evident inl,Taflere for a non-
critical state condition, the increase in thermal conductivity when going from a 108 peysiteen to
an 864 particle system is about 2.6%, while at the critical point, it is about 11%. Bbé&moflo not

appear to be size dependent beyond the 864 particle system.

Tablelll shows the translational and rotational contributionthesmal conductivity along
the critical isothermfor a 256-molecule system. There appear to bendications fromthe results
that any ofthese contributionplay a relativelymore significant role (for example, translational

versus rotational contributions) in the critical enhancement of thermal conductivity.

5. CONCLUSIONS

The enhancement of thermal conductivitythe critical region was investigated using the
NEMD method. The study shows thaitical effectsare observable using molecular simulations.
Further studies witimuch larger cutoff distancese perhaps needed to see lagg@rancements as
well asother potential contributions. Therealkso a need to obtain a more accurate estimate of the
critical pointfor the potentiaimodelused. For carbon dioxideyhich is a nonspherical molecule,

polarizability and molecular vibrations may also play a role.
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Table I. Lennard-Jones Site-Site ParametersCarbon Dioxide [11]

Parameter Value
Ecc 28.129 K
€co 47.588 K
€00 80.507 K
Occ 2.757A
Oco 2.892A
Ooo 3.033A
lco 1.149A
e +0.6512 e

Molecular Weight  44.01 g/gmol

! ¢ ando are the Lennard-Jonegll depth anccore diameter irthe interatomic potentiakgr) =4g[(o/r)**—(o/1)°].

The subscripts refer to the particular atopédr interaction.do is thecarbon-oxygen bonkngth. @ is the charge on
the carbon centdpositive). Theraretwo equal negative charges on thweygencenters sahat the net charge on the
molecule is zero.



Table II. Thermal Conductivity of Carbon Dioxide Away From the Critical Point (T = £.32T

andp = 1.2(pc), Anc, and at the Critical Poinkc, as a function of system size

N Ane Ac

108 3.80 3.15
256 3.82 3.33
500 3.95 3.45

864 3.90 3.49




Table Ill. Translational and Rotational Contributions to the Thermal Conductivity of

Carbon Dioxide along the Critical Isotherm for a 256 Particle System

olpe G ot \rortorque ol
0.80 1.82 0.74 0.41 2.56
0.90 2.02 0.84 0.50 2.86
0.95 2.02 0.98 0.61 3.00
1.00 2.31 1.02 0.69 3.33
1.05 2.27 1.00 0.69 3.27
1.10 2.50 1.10 0.72 3.60

1.20 2.46 1.32 0.94 3.78




FIGURE CAPTIONS

Fig. 1. Effect of field strengthR, ) on the thermal conductivit\) of carbon dioxide
at T = Tc andp = 1.3Qc.

Fig. 2. Thermal conductivity of carbon dioxide alohg isotherm T =1.32Tc. The line represents
the least squares fit of the data.

Fig. 3. Thermal conductivity of carbon dioxide along ¢hécal isothermfor systems witt108, 256,
and 500 particles. Thiaermal conductivity othe 864 particlesystem athe critical point is

3.49+ 0.03. The lines are interpolations.
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